The grain aphid Sitobion miscanthi (Takahashi) is a major pest of cereal crops in China. Sexual reproduction is rarely found in this species, and the reproductive strategy is expected to be reflected in the population genetic structure. Using five microsatellites, we analyzed four populations of S. miscanthi sampled during the 2005-2006 wheat season (from October to May) from a Beijing suburb. Substantial allelic diversity was found, with an average 9.8 alleles per locus, but there were only 45 five-locus genotypes detected among the 143 aphid samples. Of the six commonest fivelocus genotypes, four were found in all the seasonal populations, and must have reproduced by continuous parthenogenesis through the seasons (including a winter) because of the big differences between their observed and expected frequencies. All populations showed extremely high heterozygosity and heterozygosity excesses, and significantly deviated from Hardy-Weinberg equilibrium even in data sets including one individual per genotype. Those genetic features occur because S. miscanthi is almost anholocyclic. The population collected immediately after the winter significantly differentiated from the other three populations collected earlier or later (F ST ϭ0.059-0.064), while differentiations among the other three populations were not significant (F ST ϭϪ0.016-Ϫ0.004). The probable causes of this seasonal variation were discussed.
INTRODUCTION
Aphids are small sap-sucking insects of the order Hemiptera. Their life cycles are unusual among arthropods for their obligate shifting between unrelated host plant taxa, elaborate polyphenisms, and variation in reproductive strategy within a single species (Moran, 1992; Dixon, 1998) .
Four reproductive strategies are described in aphids: (a) holocyclic lineages retain full commitment to sexual reproduction once a year, (b) anholocyclic lineages reproduce by continuous parthenogenesis on end, (c) intermediate lineages produce both sexual forms before winter, and also continue to produce parthenogenetic individuals, and (d) androcyclic lineages reproduce by continuous parthenogenesis but retain the ability to pro-duce some males (Blackman, 1971; Dedryver et al., 1998) . Type (a) and (c) belong to sexual lineages, and (b) and (d) belong to asexual lineages (Wilson et al., 2003) . The life cycle polyphenism of aphids is known to be greatly selected by climate (Blackman, 1974) . Fertilized eggs produced by holocyclic and intermediate lineages are the only life stage to resist frost; therefore, it is expected that aphids will reproduce more sexually in areas with severe winter . In the past ten years, increasing studies have revealed genetic structural differences between sexual and asexual lineages using microsatellites. In general, genotypic diversity was higher in sexual than in asexual lineages (Delmotte et al., 2002; Papura et al., 2003) . In addition, heterozygosity excess, linkage disequilibrium and deviation from Hardy-Weiberg equilibrium occurred more often in asexual lineages (Normark, 1999; Simon et al., 1999; Guillemaud et al., 2003; Vorburger et al., 2003) .
The grain aphid Sitobion miscanthi (Takahashi) is a serious pest of cereal crops (Zhang and Zhong, 1983) , and has been mistaken for Sitobion avenae, which is distributed only in limited areas of Xinjiang province in China (Zhang, 1999) . This pest inflicts economic damage not only directly by sapsucking, but also indirectly by transmitting plant viruses, e.g. Barley Yellow Dwarf Virus (BYDV) (Blackman and Eastop, 2000) . In contrast to its European relative S. avenae with the full range of reproductive strategies (Dedryver et al., 1998) , S. miscanthi seems to be totally anholocyclic in China (Zhang, 1999) , in Australia and almost all other countries (Blackman and Eastop, 2000) . Reproductive characteristics should be reflected in the genetic structure; however, the genetic structure of the Chinese population of S. miscanthi has not been studied sufficiently as yet, especially using co-dominant molecular markers, such as microsatellites.
In this paper, we analyzed four populations of S. miscanthi sampled during the 2005-2006 wheat season in a Beijing suburb using five microsatellites to elucidate seasonal variation in the population genetic structure. We expected to find genetic evidence of this aphid's reproductive strategy.
MATERIALS AND METHODS
Sample collection. S. miscanthi samples were collected from a wheat field in a Beijing suburb (40.37N, 116.85E) . Samples collected on the same date were considered a 'population'. From seedlings to the ripening period of wheat, four populations were collected (Table 1) . Each individual was collected at least 10 m apart to minimize the incidence of sampling multiple members of the same clone. In the overwintering period, sampling fields were observed over about a 10-day interval to inspect the mortality of parthenogenetic individuals and to collect the first residents (spring foundresses) after winter. Aphids were soaked in 95% ethanol and stored at Ϫ20°C prior to DNA extraction.
Microsatellite genotyping. Genomic DNA was extracted from a single aphid using a salting-out protocol and resuspended in 20-50 ml of 1ϫTE depending on the aphid size. Each aphid was genotyped using five microsatellite loci, i.e. Sm10, Sm12, Sm17, S19 and S23 isolated from S. miscanthi Wilson et al., 1997) . The primers were proved to amplify successfully (Simon et al., 1999; Wilson et al., 2004) .
PCR reactions were performed in 15 ml volumes containing 1 unit of Taq polymerase (BBI), Mg 2ϩfree reaction buffer, 2 mM MgCl 2 , 200 mM of dNTPs (Shenggong), and 7.5 pmol of each primer and 1.5 ml template DNA solution in a PTC (Model 200) thermocycler (MJ Research, Inc.), followed by 'touch-down' programs summarized by Wilson et al. (2004) .
PCR products, denatured for 5 min at 95°C with 2ϫloading buffer (Sambrook et al., 1989) , were loaded onto 6% polyacrylamide urea gel and subjected to electrophoresis in 0.5ϫTBE at approximately 81 W, 1,500 V, for 60-80 min. The gel was then visualized by silver staining, as described by Haack et al. (2000) . Allele sizes were estimated using a sequencing size ladder (pBR322 DNA/ Msp I Tiangen).
Analysis of genetic data. Aphids of all life cycle types can reproduce by apomitic parthenogenesis most of the year (Dixon, 1998) . It is often the case that individuals with identical multilocus genotypes are detected in microsatellite genotyping. The inclusion of clonal copies usually strongly distorts estimates of deviations from genetic equilibria and can influence estimates of allele frequen- cies and population differentiation . Thus, population genetic analysis was carried out using only one aphid per genotype when there was an extra denotation. POPGENE version 1.32 (http://www.ualberta. ca/˜fyeh) was used for calculating allelic frequencies, the mean number of alleles, observed heterozygosity (H O ) and expected heterozygosity (H E ) under Hardy-Weinberg equilibrium (HWE) (Nei, 1978) . To test for deviation from HWE, the exact Hardy-Weinberg test was performed using GENEPOP version 3.4 (Raymond and Rousset, 1995) . The degree of differentiation between populations was examined with allelic and genotypic tests and by calculating F ST for pairwise comparisons, as described by Weir and Cockerham (1984) . An unbiased estimate of the exact test (Fisher's exact test) for allelic and genotypic frequency differentiation was made using a Markov chain method in GENEPOP. F IS values were also computed using GENEPOP.
RESULTS

Dynamics of S. miscanthi in Beijing suburb
We observed population dynamics exactly as described by Dong et al. (1987) and Luo et al. (1988) . S. miscanthi began to infest wheat seedlings after sowing. During the winter, the population declined gradually. On January 7, 2006 (mid-winter), we still collected 33 individuals, exclusively wingless. Thereafter, we did not detect living aphids in the field until the following spring. On April 14, 2006, 32 spring foundresses were collected, exclusively winged adults, but ten days previously, no individuals had been detected. Subsequently, the population experienced a fast increase until wheat began to ripen.
Genetic diversity and multilocus genotype analysis
A total of 143 individuals were successfully genotyped from each locus. The four populations of S. miscanthi yielded high allelic diversity at each of the five microsatellite loci, ranged from 7 (Sm17) to 13 (Sm12), 9.8 alleles per locus ( Fig. 1 ). Forty-nine alleles were detected at the five loci. No population contained the full range of alleles. Despite the high level of allelic diversity, only 45 fivelocus genotypes were detected among the 143 aphids. Among the 45 genotypes, 20 were found more than once and the commonest genotype was detected in 26 aphids ( Table 2) .
The six commonest multilocus genotypes are given in Table 2 with the expected frequencies of these genotypes in a sexually reproducing population in HWE based on allele frequencies in the entire S. miscanthi collection. The observed frequencies were between one and three orders of magnitude higher than the expected frequencies. Four (G2, G3, G4 and G6) of the six commonest genotypes were shared by the four seasonal populations (Table 2) . Although the remaining two (G1 and G5) were not, they were still detected in the two sampling years (2005 and 2006) .
Genetic structure of the populations
H O values were considerably high in the four populations, ranging from 0.750 to 0.926, and always higher than H E , which was reflected by a strong negative multilocus F IS (Table 3) . F IS is a measure of the relationship between H O and H E within populations; positive F IS indicates a deficiency of heterozygosity, while negative F IS indi-cates excess heterozygosity. Analyses including all individuals obtained essentially identical results to those including only one individual per genotype, but the absolute values of F IS and H O were higher in the former method (Table 3 ). All populations significantly deviated from HWE (pϽ0.0001 for individuals and pϽ0.05 for genotypes).
Genetic differentiations were analyzed by testing for homogeneity of allelic and genotypic frequencies between populations and by calculating pairwise F ST (Table 4 ). F ST value less than 0.05 indicates slight or no differentiation between two populations, while F ST bigger than 0.05 implies substantial or large differentiation (Wilson et al., 2002; Miller et al., 2003) . Comparing P06B with P05, P06A and P06C, we obtained substantial F ST ϭ0.059, 0.060 and 0.064; however, F ST values among P05, P06A and P06C were fairly low 100
Y.-M. WANG et al. (F ST ϭϪ0.016, Ϫ0.004 and Ϫ0.007). Allelic and genotypic frequencies tests obtained parallel results to F ST analysis. P06B significantly deviated (pϽ0.0001 and pϽ0.01 in allelic and genotypic frequency tests, respectively) from the other three populations among which differentiations were not significant (pϾ0.05) (Table 4 ).
DISCUSSION
Populations of S. miscanthi in Beijing collected in two consecutive years possessed a high level of allelic variation at the five microsatellite loci examined in this study (9.8 alleles per locus), and 45 five-locus genotypes were distinguished among the 143 individuals. By contrast, detected a few genotypes in S. miscanthi and S. near fragariae using four microsatellite loci, although allelic diversity was also considerable (5.25 alleles per locus). There were seven genotypes among 555 individuals and a single genotype among 121 individuals, respectively. The large difference in genotypic diversity between the two studies probably corroborated that of an Australian population of S. miscanthi originating from East Asia (Blackman and Eastop, 2000) , giving a clearcut conclusion that S. miscanthi did not experience any sexual reproduction in Australia because there was no recombinant relationship among the 7 genotypes, while we could not reach such a conclusion for the perplexing relationships among the 45 genotypes; however, the following observations reflect that S. miscanthi should be almost anholocyclic in the Beijing population.
The probabilities were low that any given multi-locus genotype at several microsatellite loci was generated by two or more independent sexual reproduction, and individuals with identical genotypes could be considered to be same clone . In this study, we compared the observed with the expected frequencies of the six commonest genotypes under HWE. It was found that the observed frequencies were between one and three orders of magnitude higher than the expected frequencies (Table 2) , which indicated, as proposed by Sunnucks et al. (1997) , that identical genotypes were likely to have been produced asexually rather than sexually. Four (G2, G3, G4 and G6) of the six commonest five-locus genotypes were detected in all the seasonal populations (Table  2 ). According to the conclusion above, we can consider that at least these four genotypes lived through one winter without sexual reproduction. In addition, all populations examined exhibited extremely high H O (ranging from 0.760 to 0.926) and significant heterozygosity excess, and significantly deviated from HWE, even including one aphid per genotype in analyses (Table 3) . This showed concordance with the population genetic features of anholocyclic aphid lineages (Normark, 1999; Simon et al., 1999; Guillemaud et al., 2003) . Using microsatellites, some studies revealed substantial genetic differentiations between holocyclic and anholocyclic lineages in some aphid species, e.g. in the bird-cherry aphid Rhopalosiphum padi (Delmotte et al., 2002) and the peachpotato aphid Myzus persicae (Guillemaud et al., 2003) . In later autumn, holocyclic lineages of aphids fly to the first (woody) hosts to fulfill the sexual phase, and anholocyclic lineages still/only feed on the second hosts. Holocyclic lineages of aphids often disappear before the winter season (Blackman, 1971) . In our study, population P05 was collected in early autumn when S. miscanthi began to infest wheat seedlings, while P06A was collected 2.5 months later in the same field when the temperature was freezing. If there were anholocyclic as well as holocyclic lineages in Beijing populations of S. miscanthi, P05 might include anholocyclic and holocyclic lineages, while P06A might absolutely comprise anholocyclic lineages because holocyclic lineages would have disappeared in the field before winter (Blackman, 1971) . In contrast to the two studies cited above, we revealed no difference (F ST ϭϪ0.007, pϭ0.87) be-101 Genetic Structure of Sitobion miscanthi (Zhang, 1999) , this result reflected once again that the Beijing population of S. miscanthi is almost anholocyclic. Several interesting population ecological phenomena were observed in the field of S. miscanthi in northern China. For instance, mating and overwintering eggs were never detected in the field; nymphs and adults could not live through the winter because of low temperatures; after the overwintering period, winged adults always emerged before nymphs and other morphs (Luo et al., 1988) ; therefore, a hypothesis concluded that populations of S. miscanthi in northern China consisted of immigrants (and their descendents) from southern China, where they could overwinter safely because of the mild winter (Luo et al., 1988; Yang, 1990) .
In the present study, we observed exactly the same population dynamics as reported in previous studies. According to the migration hypothesis, spring foundresses were immigrants from southern regions of China. Genetic data seemed to support this hypothesis because P06B significantly differentiated from P05 and P06A (collected before P06B) (pϽ0.001) in allelic and genotypic frequencies, with substantial pairwise F ST , 0.064 and 0.060, respectively (Table 4 ). However, it was difficult to explain why P06B significantly differentiated (pϽ0.01, F ST ϭ0.059) from P06C collected 1.5 months after P06B. Although P05, P06A and P06C were collected in different seasons spaced by a winter, they did not differentiate (pϾ0.05, F ST ϭϪ0.016, Ϫ0.004) from each other. There are three possible causes of this rapid seasonal variation. First, the sampling design might have strongly influenced the population genetic analysis; however, each aphid sample was collected strictly at least 10 m apart. If the sampling design were really problematic, all populations would significantly differentiate from each other, which obviously was not the case. Second, P06B probably experienced a bottle-neck effect in 1.5 months because of aphicide treatment. Indeed, wheat fields were sprayed with aphicide during that time, but this can not explain the extremely low differences between P06C and P05, P06A. Third, a few parthenogenetic clones might have overwintered in the Beijing suburb, and they have higher reproductive rates than those immigrants from the south (spring foundresses). One or more months later, immigrant clones could not be sampled because of their low frequency, resulting from lower reproductive rates. The extremely low differences among P05, P06A and P06C also suggested that a few parthenogenetic clones overwintered locally. Although the third hypothesis can explain the genetic pattern among the populations, it conflicts with our observation that parthenogenetic clones of S. miscanthi could not overwinter in a Beijing suburb, and may also conflict with the conclusion that S. miscanthi could not overwinter at any life stage in northern China (Luo et al., 1988) . More thorough investigations are probably necessary to reconfirm the overwintering area that is important for developing management projects for this pest.
This study attempted to elucidate the seasonal population genetic structure of S. miscanthi using microsatellites. Two results were apparent. First, the genetic features of Beijing populations of S. miscanthi are analogous to the classical genetic structure of anholocylic aphid lineages. Almost no differentiation was found between P05 and P06A. This indicated that holocyclic lineages were rare in Beijing populations of S. miscanthi. Second, significant differentiations were detected only between the population collected in spring and the other three populations. No firm conclusion was obtained to explain the progresses involved in generating this irregular population structure. Obviously, more detailed studies are needed to decipher this seasonal variation, such as looking into more seasonal populations or populations from adjacent areas.
